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Excited states in “°Cr were sought using the '>C(*®Ar,2n) reaction. Gamma rays were detected with the
Gammasphere array, and the Z value of the reaction products was determined with an ionization chamber located
at the focal plane of the Fragment Mass Analyzer. In addition to the ground-state band observed up to [I™ =
10" (tentatively 12%), five states are proposed to belong to the 3~ band. The mirror energy differences with
the analog states in “°Ti present a pronounced staggering effect between the odd and even spin members that
is reproduced well by shell-model calculations incorporating the different Coulomb contributions, monopole,
multipole, and single-particle effects together with an isospin-nonconserving interaction that accounts for the
so-called J = 2 anomaly. Dramatically different £1 decay patterns for members of the 3~ band between the “°Cr

and *°Ti mirrors are also observed.
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I. INTRODUCTION

Assuming that the nuclear force is charge symmetric, the
absolute difference in binding energy between the ground
states of mirror nuclei belonging to the same isospin multiplet,
T should be due to Coulomb effects only, and this energy
difference is referred to as the Coulomb displacement energy
(CDE). Since the ground states of mirror nuclei are analog
states, the energy scale can be renormalized, removing the
bulk of the CDE, by examining the energies of excited
levels. The mirror energy difference (MED), the difference in
excitation energies for states of the same isospin 7" and angular
momentum /, thus might be expected to vanish. That they do
not is a reflection of a number of small Coulomb effects,
including the spatial correlations of the valence particles in
the nucleus [1] and subtle differences in the nuclear radius as
a function of the angular momentum [2]. In reality, it is known
that the nucleon-nucleon interaction is not charge symmetric
or independent but has an isovector contribution on the order
of 1% in magnitude and an isotensor contribution on the
order of 2% of the strength of the isoscalar interaction [3-5].
By examining the MED of a mirror pair as a function of
increasing angular momentum, insight is gained into the total
isovector interaction, the bulk of which is expected to be due
to Coulomb effects. This has been exploited in studies of
many 7 = 1/2 mirror pairs [6—18]. However, effects from the
charge-symmetry and charge-independence breaking of the
nuclear interaction may be nearly as large as those induced by
the Coulomb interaction [2]. Recently, it has been suggested
[6-8,19] that the electromagnetic spin-orbit interaction [20],
composed of both Larmor and Thomas terms, may be playing a
role in the MED of states involving the promotion of a particle
between two orbitals that have opposite spin-orbit couplings,

0556-2813/2007/75(1)/014307(9)

014307-1

PACS number(s): 21.10.Sf, 23.20.Lv, 25.70.Gh, 27.40.+z

such as that for ds > (I — s)to f7/2 (I + ). The electromagnetic
spin-orbit interaction is opposite but unequal for protons and
neutrons because the Larmor term changes signs, owing to the
change in sign of the magnetic moment, and the neutron has
no Thomas term [20].

The study of MEDs has been intense over the past decade,
in large part because of the coupling of large-scale Ge arrays
such as Gammasphere, EUROBALL, and GASP to powerful
auxiliary devices. This coupling has allowed access to nuclei
near the N = Z line, permitting the exploration of isospin
pairs, most notably the 7 = 1/2 pairs. Study of even-even
T =1 mirror pairs has been more limited, owing to the
increased difficulty in populating the required N = Z —
2 nuclei. In fact, until quite recently, the highest spin in
which the T = 1 states were observed in an even-even mirror
pair was spin 6 in the A =42 system [21]. Knowledge of
even-even mirror pairs improved with the observation of the
ground-state bands in *°Cr [22] and Fe [1], up to spin
10" (tentatively 12%) and 117, respectively. The isovector
MEDs were extracted and compared to large-scale shell-model
calculations [1,22] that reproduced reasonably well the experi-
mental data, and the contributions from both the one-body and
two-body interactions, in addition to the charge-symmetry-
breaking contribution from the nucleon-nucleon force, were
highlighted [1,22]. Work [1,2] on the mass 50 mirror
pair explored the contributing mechanisms to the MED,
confirming that they are sensitive to spatial overlaps of the
proton wave functions. The triplet energy difference (TED),
which highlights the role of the isotensor interaction and is
related to the charge independence, was extracted as a function
of angular momentum in Ref. [22]. The TED was reproduced
well by the shell-model calculations for both the mass 46
and 50, T = 1 triplets [2,22]. In the present work, levels not
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TABLE I. Level scheme for “°Cr determined from the '>C(*°Ar,
2n) reaction at 105 MeV. I, represents the relative y-ray intensity,
normalized to 100 for the 892.5-keV transition. Uncertainties quoted
for the y-ray energies include an estimated 0.5 keV systematic
uncertainty.

E; Ir = JF E, I,
892.5(5) 2t 5 0t 892.5(5) 100.0(10)
1987.7(7) 4+ 5 2+ 1095.2(5) 61(4)
3196.9(8) (37) — 2+ 2304.6(7) 11.1(14)
3227.5(8) 6+ — 4+ 1239.9(5) 23.7(16)
3297(3) 0t 2404(3) 2.1(10)
3494.8(9) — 4F 1506.9(8) 3.9(6)
3594.1(9) 47) = (37) 397.4(6) 3.2(4)
3594.1(9) (47) — 4+ 1605.3(15) 2.4(6)
3682.7(17) — 4* 1695.0(15) 2.3(6)
3716.2(10) -~ (3) 519.3(6) 2.5(4)
3778.6(13) - (3) 581.7(11) 0.5(3)
3778.6(13) — 4* 1790(3) 1.0(6)
3987.2(9) (57) = (47) 393.0(15) 0.28(16)
3987.2(9) (57) — 492.3(7) 1.37(24)
3987.2(9) (57) — 6+ 760.3(10) 1.0(3)
3987.2(9) (57) = (37) 790.1(8) 2.3(5)
4235(3) 4t 2248(3) 1.6(7)
4306.0(13) - (4 711.8(9) 1.1(3)
4434.9(12) — (4) 841.0(22) 0.5(3)
4434.9(12) - 6" 1207.4(9) 2.3(4)
4817.9(10) 8+ — 6+ 1590.4(6) 9.3(8)
4830(3) 67) = (47) 1236(3) 1.5(5)
5117(3) N 1401(3) 0.3(3)
5346(3) (77) = (57) 1359(3) 1.7(6)
6180.0(12) 10" — 8+ 1362.1(7) 3.005)
8163.0(16) (12+) — 10* 1983.0(10) 1.0(5)

belonging to the ground-state band in “°Cr are reported. A
subset of these levels are tentatively assigned tothe 7' = 1, 3~
band. Accepting this assignment, we then extract the MEDs
for the 3~ band and compare them to shell-model calculations.
Marked differences in the decay pattern of the 3~ band heads
in the T, = =1 nuclei are noted.

II. EXPERIMENTAL DETAILS AND RESULTS

The experiment to observe “°Cr was performed at the
Argonne National Laboratory using the ATLAS accelerator
facility. Beams of Ar, at an energy of 105 MeV, bombarded
self-supporting foils of '>C that were 200, 567, and 602 yg/cm?
thick. The products of the reaction, with average recoil
velocities ranging from 0.053 (thick target) to 0.056 (thin
target) of ¢, were analyzed with the Fragment Mass Analyzer
[23] (FMA). The FMA disperses reaction products at the focal
plane according to their A/q values, where A is the atomic
mass and ¢ the charge state. Since this experiment concentrated
on mass 46, specifically on *0Cr, slits were used to select only
one A/q value, corresponding to 46/15, for the ions reaching
the focal plane. The position at the focal plane was determined
from signals in multichannel plate (MCP) detectors. After
passing through the MCP detectors, the recoiling ions were
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FIG. 1. (Color online) AE vs E plot from events recorded with
the ionization chamber placed at the focal plane of the FMA. The
color scale is proportional to log(counts per channel), and the regions
associated with Z = 24, 23, and 22 are indicated by Cr, V, and Ti,
respectively. This histogram has been obtained with the 200 pg/cm?
thick C target (see text for details).

detected in an ionization chamber (IC). The signals from this
counter consisted of two energy loss AE (AE, and AE,)
signals and a total energy E signal. The high recoil velocity
of the mass 46 ions was sufficient to provide a high degree of
Z separation in the AE; versus AE, and AE; + AE, versus
E histograms. An example, obtained with the 200 pg/cm?
target is shown in Fig. 1. The two-dimensional histogram of
AE| + AE, versus E data was obtained after appropriate
conditions were placed on the individual AE signals and
on detector times relative to the beam pulse to separate the
scattered beam and random events from the events of interest.
The color scale is proportional to the logarithm of the number
of counts in the channel, and the regions corresponding to Ti,
V, and Cr ions are labeled. As can be seen, separating the
reaction products according to Z is straightforward.

The y rays from the reaction were detected with the
101 large-volume HPGe detectors of the Gammasphere array
[24]. The trigger condition used for the collection of data
required an event in the MCP detector and one y event that
had successfully passed the Compton-rejection veto. During
playback of the data, the y-ray events were selected by
placing appropriate conditions on the various combinations
of AE{ + AE, versus E and AE; versus AE,. Portions of
the resulting y-ray singles spectra are presented in Fig. 2 and
the change in the y-ray spectrum with the selected ion is
clearly visible. The top portion of the plot is the observed
spectrum with no conditions placed on the data, the spectra
in panels (b), (c), and (d) correspond to the selection of Ti,
V, and Cr ions, respectively. The 4674, which results from the
12C(30 Ar, 2 p) reaction, is the strongest of the observed reaction
channels with a calculated cross section ~100 mb. By using
the 27 — 0" peak intensities as representative of the channel
cross sections, the “°Cr cross section can be estimated by
comparing the peak areas in the respective IC-gated y-ray
singles spectra and correcting for different FMA acceptance
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FIG. 2. Portions of the y-ray singles spectra obtained with the
12C(* Ar,X) reaction with a requirement of a valid event at the FMA
focal plane set to accept A/q = 46/15 only. The top panel (a) has
no further conditions placed on the FMA data. The spectra shown
in panels (b), (c), and (d) have time conditions with respect to the
accelerator beam pulse set on the events and gating conditions on the
IC data to select Ti, V, and Cr ions, respectively.

efficiencies and charge state distributions [25] of the recoiling
Ti and Cr ions. By using this procedure, the *°Cr cross section
is estimated to be approximately 15 ub. The use of the FMA
data was vital in extracting clean Cr y-ray data; the ratio of
the “°Ti 2* — O intensity in each of the Ti, V, and Cr gated
spectra was 100:1.4:0.0059.

The y-ray singles spectrum after applying the selection on
the Cr ions is presented in Fig. 3. The mass 46 Ti and V
contributions to this spectrum have been subtracted, leaving
only the Cr lines. Of note are the number of lines attributed
to *Cr; these arise from '°®O(3°Ar,2pn)*’Cr reactions from
oxygen contamination on the '*C targets, the 2 pn-exit channel
being one of the largest. The y rays labeled with their energies
are assigned to *°Cr. Figure 4 displays portions of selected
y-ray coincidence spectra that were used to establish the level
scheme presented in Fig. 5 and Table L.

The yrast band in Fig. 5 was established previously [22] up
to spin 10" through the use of ¥y coincidence relations, with
a 127 level suggested based on the observation of a 1983-keV
y ray in the singles spectrum that matches closely in energy
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FIG. 3. Portion of the y-ray singles spectrum created by placing
conditions on events in the channel-plate detectors and the ionization
chamber located on the focal plane of the FMA. The conditions used
were meant to select the Z = 24 recoil products. Contributions from
the *°Ti and *°V channels, created by gating on the Z = 22 and
Z = 23 reaction products, have been subtracted. The peaks labeled
as due to “°Cr arise from (*°Ar, 2 pn) reactions on '°O contamination
on the carbon target. The peaks labeled with their energies in keV are
assigned to *°Cr.

the 127 — 107 transition in *6Ti. Further work has not been
able to make a firm assignment for the 127" level, and thus
it remains tentative. Angular distributions of the transitions
assigned to the yrast band, an example of which (1240-keV)
is given in Fig. 6, are consistent with a stretched quadrupole
character.

The strongest nonyrast transition is the 2305-keV y ray.
Coincidence relations indicate that it feeds into the 892-keV
27 state, establishing a level at 3197 keV. This energy matches
very well the expected energy of the 3~ bandhead, which is at
3058 keV in #6Ti. The 2305-keV angular distribution (Fig. 6)
is consistent with that of a dipole, and thus the 3197-keV level
is suggested to be the bandhead of the 3~ band. Coincidences
with the 2305-keV y ray, seen in Fig. 4, indicate a number of
low-energy transitions, forming the band structure shown in
Fig. 5. Angular distributions of the 397- and 790-keV y rays
are consistent with their suggested placement as4~ — 3~ and
57 — 37 transitions, respectively.

Some very weakly populated levels were observed, includ-
ing what may be the first several levels of another band starting
at 3716 keV. The intensities of the respective y rays, however,
were too weak to indicate the initial spin value, and the level
density near 4 MeV in “®Ti is sufficiently high to exclude
unique quantum number assignments based on energies alone.

III. DISCUSSION

The MED and TED for the ground-state bands in the mass
46, T =1 triplet were extracted earlier and analyzed [2,22]
in terms of the full-fp-space shell model and will not be
repeated here. Rather, the MED associated with the 3~ band
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FIG. 4. Portions of the Cr-gated y-ray coincidence spectra. The
peaks are labeled with their energies in ke V. The spectrum displayed
in panel (a) is obtained by gating on the 892-keV 2+ — 0 transition,
in panel (b) by gating on the 1240-keV 67 — 4% transition, in panel
(c) by gating on the 2305-keV (3]) — 2" transition, and in panel
(d) by gating on the 1507-keV (3F) — 4 transition. The appearance
of “0Ti lines in the 892-keV gate is due to the close proximity of the
889-keV “°Ti 2+ — 0% transition.

will be investigated. Very recently [6-8,19], the study of
MEDs has begun to move off the yrast line to probe excited
configurations in 7 = 1/2 mirror partners. Most of these
excited configurations have been of opposite parity to the yrast
configuration and arise from a promotion of a d3; particle into
the fp shell. One of the highlights of these studies has been
the observation that the electromagnetic spin-orbit term can
play a substantial role in the MED [6-8,19]. This can have a
large effect for states where there is a promotion of a particle
between two orbitals that correspond to opposite spin-orbit
couplings, such as that for ds» (I —s) to f7,2 (I 4+ ). The
observation of the 3~ state in “°Cr allows for the extraction of
the MED for an excited configuration in an even-even system
for the first time. Shown in Fig. 7 are the MEDs for both
the yrast and 3~ bands. The 3~ band displays a signature
staggering similar to that observed in odd-A nuclei in the
region (e.g. inthe A = 51, T = 1/2 nuclei). Figure 8 displays
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both the experimental and calculated MEDs (top panel) for the
3~ band.

The MEDs for the 3~ band were calculated by employing
the ANTOINE shell-model code [26]. In the calculation for the
negative-parity states, the sd core must be broken and an odd
number of particles are allowed to be promoted into the fp
shell. To keep the calculations tractable, only one particle
was allowed to be promoted from the d3/, orbital into the
Jp shell. This calculation gives a very good description of
the corresponding band in *Ti [27]. The 3~ band corresponds
to the configuration where the particle is promoted into the

27[321] Nilsson orbital from the d3 > orbital. The calculations
for the MED follow those of Zuker et al. [2] with the Coulomb
multipole Vcy term that takes into account the changes in
spatial correlations resulting from the angular momentum
recoupling of the protons, the Coulomb monopole (radial)
term Ve, with a strength of a,, = 200 keV accounting for
the change in the radii as a function of spin (essentially
the change in the occupancy of the p3/ orbital), and an
isospin-nonconserving interaction Vg that is an additional
multipole term deduced from mass A = 42 mirror nuclei that
accounts for the so-called J = 2 anomaly [2,15]. In addition,
the single-particle Coulomb terms Vj; (an [ -/ term that acts
only on protons) [28] and V), (the relativistic spin-orbit
interaction) [20] are taken into account. Displayed in the
bottom panel of Fig. 8 are the individual components of
the MED, the sum of which gives the total MED that is
plotted in the top panel. As can be seen, all terms give
a significant contribution to the total MED, although the
staggering effect is observed to be due largely to the coherent
oscillations in the multipole and single-particle terms Vim
and Vj; 4+ Vj,. The agreement of the calculation with the
experimental data is impressive. The shell-model calculation
indicates that wave functions for the spin 37,47, and 6~
members of the 3~ band in “°Cr (*°Ti) correspond to a nearly
pure d;/lz( £p)? neutron (proton) configuration. The 5~ and
7~ levels, in contrast, include a small component (<10%
probability) with a proton (neutron) excited from the d3/,
shell. The MED for the 3~ bandheads can be explained in
terms of the single-particle effects introduced by Vj; and V.
In particular, the effect resulting from the electromagnetic
spin-orbit interaction, which acts in an opposite way on protons
than on neutrons, is the dominant one and produces a decrease
of the energy gap between the d3,, and f7,, proton orbitals of
~200 keV with respect to the neutron gap (calculated as in
Ref. [7] using a uniformly charged sphere and free nucleon
g factors). Therefore, if a neutron is excited from the d3/,
orbit into the f7/, orbit in *°Cr, the corresponding state will
lie higher than its analog in “°Ti where a proton is excited (see
Fig. 7). In Fig. 8, since the data are measured relative to the
3~ bandhead, and the configuration of the states belonging to
the band are similar, the MED should be expected to present
very small variations. The 5~ and 7~ states appear to have a
significant drop in their MED that can be related to the small
components of the other type of particle excitations in the
wave functions. This produces the staggering observed in the
MED. The staggering would be much greater than observed
except that it is counterbalanced by an opposite staggering
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FIG. 6. Angular distributions for selected tran-
sitions in *°Cr. The data were obtained by sorting the
y -ray events, gated on the Cr-ion conditions from the

FMA data, according to their angle with respect to
1 the beam direction. Corrections from the detection
efficiency of the various Gammasphere rings were
1 taken into account, as well as the laboratory-to-c.m.
1 frame transformation.
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in the monopole term caused by a smaller component of the
wave functions in the p3/, orbital (i.e., a decreased radius) for
the 57 and 7~ states. The role of the isospin-nonconserving
nuclear interaction is of the same order of importance as the
Coulomb terms. This confirms that the role of this interaction
is fundamental to reproduce the MED data, not only for yrast
natural-parity states but also for the excited structures in all
the hitherto measured MEDs in the f7/, shell. Only by con-
sidering all terms does the trend and magnitude reproduce the
data.

The reduced transition rates for E'1 decays involving analog
initial and final states should be identical since only an
isovector matrix element contributes and, once squared, the
T. dependence is removed [29]. This selection rule appears to
be violated, however, since substantial differences have been
observed in the relative decay intensities of E1 transitions
from excited configurations to the ground-state bands in some
mirror pairs. In ¥Ar [7], the E17/2~ — 5/2F transition

1501 /\/\ 46Cr—46Tj
,:; 3~ band |
(&)
=< 0
A 5
4
S L _

sb
50 b g ) -

0 2 4 6 8
spin

FIG. 7. Mirror energy differences for the ground state and

3~ bands in the mirror pair *°Cr and “°Ti.

6, (degrees)

dominates over the 7/27 — 3/2TM?2 ftransition, whereas
in ¥Cl, the M2 transition clearly dominates. In the mass
31 case [6], the 7/27 — 5/27 y ray is comparable in strength

35+ 1
25+ 1
15+ SM

L exp
Sk 4
5+ ]

-15+¢ A

MED (keV)

35¢ Vs
25+ V.o
15+ 1

MED (keV)

spin

FIG. 8. Mirror energy differences, relative to the bandhead, for
the 3~ band in the mirror pair **Cr and “°Ti. The top panel displays
both the experimental (exp) and calculated (SM) MED, whereas the
bottom panel shows the individual contributions to the shell-model
MED, where V¢ is the Coulomb multipole, Vi, is the Coulomb
monopole, Vj is an isospin-nonconserving interaction, and V;; + Vj,
is the single-particle / - [ and electromagnetic spin-orbit interaction.
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to the 7/2~ — 5/2{ transition in *'P, whereas in 3!S, the
7/2~ — 5/2{ transition is essentially absent. The most recent
example of different E'1 decay intensities has been observed
in the mass 45, T = 1/2 mirror pair [8]; in BV the 5/2;r level
decays strongly to both the 3/2; and 5/2| states, whereas,
in “Ti, the 5/2 level has a weak branch to the 3/2; state
and no observed branch to the 5/27 level. In the present case,
the selection rule implies that the £ 5 weighted E'1 branching
ratios from the 3~ band to members of the ground-state
band should be identical in “°Cr and “°Ti. Shown in Fig. 9
are portions of the *Ti and *Cr level schemes that display
the decays of the levels of the 3~ bands. The widths of the
arrows are proportional to the observed branching ratio for
each level. In *°Ti, the dominant decay branches of the 3~ and
5~ levels proceed to the 41 level of the yrast band. In *°Cr, the
3~ level is observed to decay to the 27 yrast state only, and the
strongest decay branch for the 5~ level is the in-band 5~ — 3~
transition followed by the 5~ — 6™ branch. The 4~ levels in
both nuclei have comparable in-band transitions and 4~ — 4%
decays, and the decay of the 6~ state is similar (the 7~ level
is too weakly populated for other branches to be observed).
Since the decays of the 4~ and 6~ states are similar in the two
nuclei, it is suggested that there may be a significant signature
effect, not only in the MEDs for the 3~ band, but also in the
E1 decay matrix elements. This may be an indication that
isospin symmetry is broken by excitations out of the sd shell.
It should be noted that the asymmetry in the E'1 decays to date
involves non-natural parity excitations in the sd or f7,, shell.
It would be of great interest to extend these studies to higher
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mass nuclei where E'1 decays not involving particles or holes
in the sd shell could be examined.

IV. CONCLUSIONS

In summary, an experiment to observe “°Cr using the
12C(3 Ar, 2n) reaction with Gammasphere and the FMA has
been performed. By selecting events corresponding to Z = 24
in the data, the yrast band in *Cr has been established up
to 10" (tentatively 12%), and the negative-parity 3~ band is
assigned based on experimental observables and the location
of the analog band in *°Ti. The mirror energy difference of the
3~ band in *°Cr and “°Ti displays a signature staggering that
is reproduced remarkably well in shell-model calculations.
These are the first shell-model calculations of the MED for
non-natural-parity bands in the f7,, shell. The E1 decays
may also display a significant difference that is dependent on
signature between the 3~ band in “°Cr and 6Ti, suggesting a
breaking of isospin symmetry in excitations out of the sd shell.
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